Abstract Despite major advances in the medical care of patients following heart transplantation (HTx) and a steady increase in long-term survival, allograft surveillance is still based on endomyocardial biopsy, the gold standard since the 1970s. This invasive procedure calls for less burdening and more cost-effective approaches. In recent years, impressive progress has been made in utilizing blood-based biomarkers for the diagnosis and management of diseases in a variety of fields. Hence, a number of trials have been performed testing the usefulness of circulating molecules or other technical methods to overcome the need for surveillance myocardial biopsy in HTx patients. Here, we review current approaches and the state of research on novel biomarkers for the management of patients following heart transplantation.
Introduction
Heart transplantation (HTx) is the only causative treatment for patients with advanced heart failure (HF). Major advancements in allograft protection such as improved immunosuppressive combination therapies have led to a steady increase in post-transplant survival from a median survival of 5 years in the early 1980s to almost 12 years as of current [24••] . However, acute rejection remains a major problem in transplant medicine and, even though acute cellular rejection episodes have dramatically decreased due to improved immunosuppressive regimens [32] , cellular and especially noncellular rejection still poses a challenge for the clinician involved in the care of HTx recipients. The estimated incidence of at least one significant allograft rejection within the first year after HTx is between 13 and 30 % [24••] .
Endomyocardial biopsy (EMB) is the current standard of care used to identify rejection after a HTx often with at least 13 scheduled biopsies within the first year after transplant. This invasive approach is burdening and cost-intensive: Aside from the risk of any invasive procedure, EMB carries a risk of pericardial tamponade and tricuspid regurgitation and the series of surveillance biopsies carries a financial burden of up to 2000 USD per procedure [23] . Each year, around 2300 patients receive a heart transplant in the USA [27] , with the majority of them undergoing surveillance EMB for years after transplant.
Allograft rejection is diagnosed with endomyocardial biopsy specimen staining and is graded using the ISHLT classification. The main criterion for acute cellular rejection severity is the grade of mononuclear cell infiltration: no or only one focus of myocyte damage is classified as grade 1R, whereas multifocal myocyte damage equals grade 2R. Grade 3R is diagnosed when an infiltrate with diffuse myocyte damage, cellular edema, hemorrhage, or vasculitis is present [9] . Antibody-mediated rejection is assessed using immunofluorescence or immunoperoxidase staining against IgG, IgM, IgA, and complement deposition (C3d, C4d, C1q, as well as CD68 staining.
The long-term mortality rate after HTx is approximately 3.5 % per year after the first year post-procedure [24••] . The This article is part of the Topical Collection on Biomarkers of Heart Failure causes of death shift from primary graft failure and multiorgan failure as the primary causes of death within the first year after transplant towards malignancy, renal failure, and cardiac allograft vasculopathy later in the course of the post-transplant period. Whereas acute rejection can be well managed in the majority of cases, cumulative rejection episodes and chronic rejection are likely to contribute to long-term graft failure and graft vasculopathy.
The invasive and costly current gold standard of using myocardial biopsy for allograft surveillance calls for less burdening and more cost-effective approaches. In recent years, impressive progress has been made in utilizing blood-based biomarkers for the diagnosis and follow-up of diseases in a variety of fields.
Classical Cardiac Biomarkers-Troponin and Brain Natriuretic Peptide
A biomarker can be roughly defined as an objective indicator of a medical state which can be measured accurately and reproducibly [31] . The impact and usefulness of blood-based biomarkers in the cardiovascular sciences field can be illustrated by success stories such as troponin testing during acute coronary syndrome workup, brain natriuretic peptide (BNP) as a well-established marker for congestive HF [25] , or LDL [1] as a thoroughly studied cardiovascular biomarker.
Troponin and BNP are well-established protein biomarkers extensively used by the cardiologist to assess for the presence and the degree of myocardial damage. Consequently, several studies have been conceived investigating on the usefulness of those classic cardiac biomarkers in HTx patients. A study in 95 heart transplant recipients demonstrated a strong correlation between the severity of rejection and serum troponin T levels and determined the sensitivity and specificity for the detection of significant graft rejection (ISHLT grade 3/4) to be 80 and 62 %, respectively, with a negative predictive value of 96 % [15] . In another study in 145 transplant patients, Chance et al. concluded that troponin T testing, despite having a poor sensitivity in their study, has a convincing specificity in patients with normal renal function and can be used as an adjunct test in this setting [6] . However, other studies have found poor reliability in the use of troponin as a biomarker for transplant rejection [26] , and in the most recent trials, which used high-sensitivity assays, results were still inconsistent [4, 28] . Despite the inconclusive findings concerning troponin in heart transplant patients, an increase of troponin levels in a patient with normal renal function is cause for concern and can be an early sign of allograft rejection. Similar findings have been described for BNP. Serum BNP levels are almost uniformly increased after HTx [21] , and while a few studies found a predictive value of increased BNP levels during acute rejection episodes [18, 35] , others did not [4, 3] .
Novel Nonprotein Biomarkers
Circulating DNA and RNA as Biomarkers Utilizing circulating ribonucleic acids as biomarkers promises several advantages: the specimen can be collected with a simple blood draw and DNA/RNA quantification is economical, fully automated, accurate, and reproducible, enabling this approach to be a favorable target for biomarker development. Consequently, gene expression profiling for cardiac allograft surveillance has been studied with promising results and is currently the only test that has reached market maturity with FDA approval in 2008. Allomap (marketed by CareDX Inc.) tests mRNA expression levels of 20 genes (11 rejectionrelated genes and 9 genes for normalization and quality control) in mononuclear cells and is Bintended to aid in the identification of heart transplant recipients with stable allograft function who have a low probability of moderate to severe acute cellular rejection (ACR) at the time of testing in conjunction with the standard clinical assessment^ [17] . Allomap was studied in two large registration trials, IMAGE (BInvasive Monitoring Attenuation through Gene Expression^) [29•] and CARGO (BCardiac Allograft Rejection Gene Expression Observational Study^) [13•] . The initial CARGO trial defined several candidate genes for gene expression profiling, developed a one-digit scoring system to indicate the risk of severe graft rejection, and concluded that this approach detects the absence of moderate or severe rejection and can avoid a biopsy in certain clinical settings [13•] . In the subsequent IMAGE trial, 605 heart transplant patients, who had received a heart transplant 6 months to 5 years prior enrollment, were randomized to rejection surveillance using biopsy or gene expression analysis. The study found that patients who were monitored with Allomap had similar outcomes compared to the biopsy group, defined as similar 2-year cumulative rates of rejection with hemodynamic compromise, graft dysfunction, death, or retransplantation [29•] . Results from these trials and initial results from the confirmatory CARGO-II trial in Europe conclude that gene expression profiling (GEP) score instability [14] , after a 1-year post-transplant stabilization period, and a score above 34 on the Allomap scoring system predict future events [10] . Gene expression profiling using the commercially available program is increasingly used and offered in the USA and Europe.
A new and rapidly evolving approach is the measurement of donor-derived cell-free DNA. First described in renal transplant cohorts, circulating donor-derived DNA is an attractive target based on the assumption that the concentration of this prospective biomarker correlates with the grade of cardiomyocyte and/or endothelial [11•] damage. A recent study by Vlaminck et al. in adult and pediatric heart transplant recipients was designed to count the number of donor-and recipient-derived circulating cell-free DNA after SNP genotyping of donor and recipient [12•] . In their study, the authors found that this method was able to detect acute rejection with comparable sensitivity and specificity as the gold standard, myocardial biopsy. In another recent study using a targeted genotyping approach, Hildestrand et al. found that a cell-free donor-specific DNA (dscfDNA) fraction of less than 1 % of total cfDNA had a very strong negative predictive value [19•] . However, only a limited number of studies are available, and several key questions concerning this technique remain, such as long-term reliability of dscfDNA testing and skew effects due to mechanisms influencing recipient cfDNA levels [11•, 19•] .
MicroRNAs (miRNAs) are short noncoding RNAs with regulatory function, ubiquitously expressed, and stable. Of note, miRNAs have tissue-specific expression patterns and are, therefore, potential candidates for myocardial biomarker development similar to tissue-specific protein biomarkers. The practicability and validity of this approach in cardiovascular disease have been demonstrated using miRNA deepsequencing to characterize miRNA profiles unique for heart failure: Akat et al. found significant increases of musclespecific miRNAs (myomirs) and cardiac-specific myomirs [2] in serum of HF patients. To date, only a few studies have investigated the feasibility of miRNA profiling in humans to detect cardiac allograft rejection. In an initial small study of ten patients with graft rejection, Dewi et al. screened 175 miRNAs known to be present in humans and identified 7 target miRNAs with increased circulating levels during acute rejection, which were subsequently confirmed by regular qPCR [33] . In another trial including 113 HTx recipients, divided into a test cohort and a validation cohort, the investigators assessed for serological expression levels of 14 miRNAs related to immune and inflammatory processes by regular qPCR. In this study, van Huyen et al. found 7 miRNAs to be able to discriminate between rejection and nonrejection [16•] . However, the miRNAs described in both of these studies were not overlapping, leaving the question for a rejectionspecific miRNA unanswered. Moreover, since the studies cited above assessed for expression changes in only a selected subset of miRNAs, no results from comprehensive deepsequencing studies are currently available.
Another major group of noncoding RNAs are longnoncoding RNAs (lncRNAs). This type of circulating ribonucleic acids comprises RNAs with more than 200 nucleotides. Several studies have shown a possible role of lncRNAs in a great variety of physiological as well as pathological processes. For example, a recent study revealed the complex interplay between mRNA, miRNA, and lncRNA in cardiac hypertrophy [34] and, together with other recently discovered functions of lncRNAs in cardiovascular disease suggesting their modulability, lncRNAs seem to be another target of interest for the development of a circulating biomarker. LncRNAs have been associated with pivotal processes for cardiac function such as cardiomyocyte apoptosis, contractility, and energy homeostasis. Of note, one study found a close association between the upregulation of one specific lncRNA and cardiovascular death after myocardial infarction, claiming a possible role for it as a biomarker to predict cardiovascular death in HF patients [22] . To date, the potential of lncRNA profiling in cardiac transplant rejection has not been investigated; however, initial research undertaken in kidney transplant patients [7] has shown promising results.
Protein-Based Biomarkers
As in the exploration of ribonucleic acids as biomarkers, the search for protein-based biomarkers to indicate organ rejection has been initially explored in kidney transplant research. In recent years, several studies tried to identify circulating proteins with the potential to indicate acute graft rejection using mass spectrometry, bioinformatic [8•] , or gel electrophoresis approaches [5] . Similar to the results from RNA deep-sequencing, mass spectrometry analysis of the proteome in rejection yielded an abundance of potential targets [5, 8•, 20] , illustrating several basic obstacles in the development of a specific biomarker [30••] . Human biofluid proteomes show a great interindividual variability and are dominated by a few proteins contributing to the vast majority of the total proteome, leading to a high dynamic range: potential targets such as proteins related to immunological processes are often present only in ng/ml ranges. Furthermore, mechanisms such as posttranslational modification and proteolytic processes further increase the number of circulating proteins detected by sophisticated techniques such as mass spectrometry. To date, even though several proteins have been proposed to be useful in detecting acute allograft rejection, potential candidate proteins have yet to be validated and are still in an experimental stage.
Conclusions
Despite the major advances in HF therapy and the development of reliable ventricular assist devices, HTx remains the only causative treatment for patients with severe HF. Graft as well as overall survival has continuously increased since the introduction of HTx in 1967. However, endomyocardial biopsy which has been established as gold standard for graft surveillance in the 1970s is expensive, carries medical risks, and is burdening for patients. The development of a new, minimally invasive, and reliable test to detect cardiac allograft rejection is desired, and several approaches have been undertaken to replace EMB as a primary test. Among these, Allomap testing is the first clinically established test with biomarker characteristics, with several other concepts being currently evaluated, such as cell-free donor-specific DNA, longnoncoding and microRNA, or protein-based assays. The development of a specific, reliable, reproducible, and costeffective test utilizing a single molecule or set of molecules is complicated by several technical obstacles, and with the exception of Allomap testing, no blood-based test has been established in clinical practice as of current.
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